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This dissertation is concerned with the analysis and 
design of the radius of ferrite disk of strip line cir-
culator using a generalized analytical field expression. 
The first part consist s of an analysis of the field 
in the ferrite disk with the TEM wave incident normally 
on the air-ferrite boundary. It is approximated by 
taking the boundary condition at the incident and outlet 
points, so that analytical expressions for the electric 
and magnetic fields can be obtained. 
The next part consists of an approximate method to 
determine the r adius of the ferrite disk based on the 
result obtained in the first part. This approximation is 
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I. I NTRODUCTION 
A. Literature Survey 
Circulator. A number of microwave devices utilizing 
ferrites have been developed since the first device, a 
microwave switch was built in 1949 using the Faraday 
-
effect in ferrites . The circulator is one of these devices. 
The classical four-port circulat ors using the Faraday 
rotation or non-reciprocal phase shift have not performed 
well at fre quencies below 3000 ~lliz. Operation below that 
frequency became feasible upon the advent of the three-
port Y-circulator using strip line techniques. 
The possibility of a three-port circulator was 
postulated by Carlin (1) in 1954 on theoretical ground 
from the scattering-matri~ treatment of the three- port 
microwave junction. The performance charac teristics of an 
early experimental mode l constructed in wave guide were 
described by Chait and Curry (2) in 1959 . Si nce then, various 
types of circulators; strip line circulat ors (3-6) , t hree-
port ring circulat ors (7) and other countless types (8) 
have been developed. The operat ing band s extend from 
several hundreds MHz through UHF , and the microwave region 
to the millimeter- wavelength range. Each of these rarely 
weighs mor e than a pound (usually a few ounces), and t he 
l argest mode l s are less than 6 inches in diameter . 
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B. State of the Art 
The Y-circulator has been developed empirically and 
explained on a phenomenolog ical b a sis in terms of the 
scattering- matrix treatment . Qualitative explanations 
suggest that the device requires non-reciprocal field 
displacement within the ferrite. These two notions are 
equivalent and correct, in principle , but they do not 
provide quantitative desig n information . Bosma (9) has 
carried out an analytical solution of the electromagnetic 
boundary-value problem for the strip line version. A 
further treatment made by Fay and Comstock (10) following 
Bosma's argu ment for the boundary condition and using 
cylindrical coord inates has b e en recognized as a comp lete 
one in practical sense . A typical strip line circulator is 
illustrated in Fig . 1 . 
center 
strip 
Fi g . 1 
'------ ground p lan es 
ferrite cylinders 
A typical strip line circulator. 
c. Objective of the Present Investigation 
The purpose o~ this i nvestigation is to derive an 
approximate method for determining the radius of the 
ferrite disk required to obtain the desired circulation 
for a given applied d-e magnetic field and for different 
frequencies of the r-f magnetic field. 
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The approach to this problem begins with the boundary 
condition at the incident point, without t aking into con-
sideration the other boundary points ( this is a different 
approach from that of Bosma(9) and Fay (10) who considered 
the boundary condition, H¢=0 for all points other than 
i nlet and outlet points as initia l requi rements) so that 
the mathematical complexity can be avoided i n this approach. 
After deriving the generalized electric and magnetic 
field in the ferrite disk, the locus of the wave propa-
gating in the ideal ferrite (neglecting damping losses and 
anisotropy characteristics, and the demagnetizing f actors 
which will be considered i n a later anal ysis ) is found by 
tracing those points maintaining the constant energy flow 
from .the incident point to the output point, since no 
power would be dissipated in the ideaL ferrite. 
The approximate method to deter mine _the required 
radius of the ferrite against the frequency of the r-f 
magnetic field is therefore based on the geometrical 
relation between the l ocus of the wave __ ~Qpagation in the 
ferrite and the circulation angle of the r-f magnetic 
field with respect to the direction of the wave at the 
4 
incident point. The results are applied to YIG _(yttrium-
iron-garnet) ferrite and compared with those of Bosma 1 s. 
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II . THEORETICAL CONSI DERATIONS 
A. Formulation of the Problem 
1 . The Electric Field in Ferrites 
The permeability tensor for the ferrite magnetized by 
an applied d-e magnetic .field in they- direction large 
enough for saturation is given by 
.::t: 











u = 1 + r2HQMQ (rHo) 2 - w2 
k = 
W(rHQ) 
w2 ( 2 rHo) -
r = gyromagnetic rat io ~ 
Ho = internal d-e ma gnetic field~ 
Mo = saturation magnetization s 
and 
w = frequency of the applied a- c 
field in the x- z plane • 
magnetic 
Assume a plane (TEM) wave propagating in the z-
direction incident normally on the air-ferrite boundary 
with an ejWt time variation with the fields given by 
E = EyY and hl = -h0 i as shown in Fig . 2 . It will be 
shown that the electric field in the ferrite satisfies 
- . 
the homogeneous He~holtz equation with an effect ive 
6 





Fi g . 2 A plane wave incident on the air-ferrite 
boundary at the origin. 
The field equations can be obtained from l'-1axwell ' s 
equations: 
- -
oB (1 ) \/ XE = ?>t 
' 
- -
o"D (2) "V X H = 
"bt ~ 
--\7 • B = and 0 ~ (3) 
-- 0 ' (4-) )7•E = 
By applying Curl to Eq .(l), we obtain 
o=l;'--- - ~-v X\/ X E = - j \'I V X (u• h ) • (5) 
Applying Eqs . (1) and (~-) with the condition liy = 0, 
Eq .(5) becomes 
.... 
X 








.... 0 j k hx y u 
..L ~ -jWu0~ X = 0 l 0 hy ?JY ;:,z • 
E y 0 -jk 0 u hz 
' 











in t he 




X y z 
..]_ 0 .]_ ax ~z • 
uhx+j khz 0 uhz- j khx 





( 8 ) 
The third term of Eq . (8 ) can be r educed by substituting 
the r elation obtainable from Eqs.(2) and (3), namely 
from Eq . (2 ) 
v'le obtain 
- .... -:;I! 








= j \AJEEy • C>X 
,jk ( ~ hx _ ?> hz) 
u ~z "DX 
(9) 
( 10 ) 
• (11) 
Substituting Eqs .(9) and (ll) into (8), we obtain 
2 ~Ey ~ 
+ ~ z:~.' + r Ey = 0 ' 
\'I here 
Eq.(l2) is the homogeneous Holmhotz equation for the 
electric field in the ferrite and has a solution de-
8 
(12) 
pending on x, z and¢, the angle between the direction 
of propagation and the Z axis in the form: 
Ey = Aejr(xsi~ + zcos¢) + Be-jr(xsinO + zcos~) (13) 
where 
• 
2 . The Ma gnetic Field in Ferrites 
The magnetic field can be obtained from Eqs .(l) and 
(13). They are given by 
hx =~(cos~+ j_f_si~)(Aejr(xsin¢ + zcos¢) ju0 lip u 
_ Be-jr(xsi~ + zcos~)J 







B. Approximate Method 
1 . Formulation of the Approximation 
a . Determination of Coefficients 
Since the electric field, Eq.(l3) , is a solution of 
the homogeneous Helmholtz equation resulting f r om the 
analysis of a wave propagating in the ferrite obeying 
Maxwell 's equation, and the magnetic field , Eqs.(l6) and 
(17) are obtained by substituting Eq. (l3) into Maxwell 's 
9 
equations , an' analytical expression for the electric and 
magnetic field in ferrites can be obtained by applying the 
boundary conditions to Eqs .(l3) , (16),and (17) . 
The boundary condition at incident point are given by 
(a) at x=O z=O, Ey = Eo 
' 
(b) at X=O z=O , hx = -ho 
' 
and (c) at X=O z=O, Bz = 0 • 
Substituting boundar y condition (a) and (b) int o Eqs. (13) 
and (14) we obtain 
li ) 
--------~( rf.. • k ·-d.) Ju;up COSp + J~S~I~ 
' 
and 
B = }2 [Eo + ho J 
~(cos¢ + j ~ sin0) 
• 
Substituting Eqs.(16 ) and (17) i nto Eqs.(13), (14), and 




Ey = E0cos[rCxsin~ + zcos~)] 
jh0 sin (r(xsin¢ + zcos0)] 
}u;up (cos~ + j ~sin~) (18) 
' 
hx = )u0~(cos¢ + j ~ sin~)rjE0sin(rCxsin~ 
hocos (C'Cxsi~ + zcos¢)) } 
~(cos~ + j ~ sin~) Ju;tip 
' , and 
+ zcos~)) 
hz = - ~(sin!> - j ~ cos.e))f jE0sin(rCxsin~ + Ju;:tip zcos¢)) 
----:h=0=c===o~s_(.,r_C;...x_s_i_niJ_....,+:-z_c_o_s..;../J_,:;)J:,.) --} 




Eqs .(l8) , (19),and (20) are the fields inside the ferrite 
due to a TEM wave incident on the air-ferrite boundary at 
the origin of the coordinate system as shown in Fig. 2 • 
b . Determination of the Locus 
It has been assumed that the ,..,ave propagates along 
the z-axis outside the ferrite . The propagation angle ( 
with respect to the ~ axis) at the incident point inside 
the ferrite must be determined before an approximate 
method is used to determine the locus of the wave 
propagating in the ferrite . 
By applying the boundary condition (c) t o Eq.( 3) , 
we obtain 
h . k h z = J-u x (21) 
• 
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By substituting x=O, z=O to Eqs. (19) and (20 ), Eq. (21) 
leads to the result that the angle ¢ must be e qual to 
zero when k = 1. -u 
From the above results, we may conclude that £or fre-
quencies other than resonance, the propagation angle in-
side and outside the ferrite at the incident point r emains 
the same. Based on this conclusion, the locus of the wave 
propagating in the ferrite incident along the z-direction 
is determined by an approximation as follows: 
Substituting x =O, 0=0 into Eqs.(l8) , (19), and (20), the 
field equations become 
' 
(22) 









From the Poynting vector 
P = Re (8 X li* ) (25) 
we obtain 
2 
Px = f sin(2rz)( h~ - Eo2Yp) • 2u p (26) 
Eq.(26) shows that the component propagating in the x-
12 
direction is a function of z and indicates that the direc-
tion of the wave propagation will rotate toward the x-
direction as the wave progresses. 
An approximation is thus obtained by determining the 
correction angle to t he direction of propaga t ion after the 
wave bas progressed to a point (0, zl) . 
Eqs . (25) and (26) show the components of the Poynting 
vec tor in the z- and x-direc tion , respectively . The r a tio 
of these two expressions yields the tangent of the correc-
tion angle at a point (0, z) . It becomes 
k h 2 2 
tantl Px ~u 
sin(2r z) ( yQ 
- E0 Yp ) 
= = 12 Pz Eoho • 
(27) 
Since E 0 = ho Hf- ' Eq. (27) reduces to 
tan0 k sin(2rz)( ~ - s0 = 2u , (28) 
woere 8 =J ~~ ) u!up =/ ~ • 
We designate the correction angle by ¢1 at the point 
(0, Zl) and obtain its magnitude from Eq. (28) . It becomes 
(29 ) 
Now, if the wave changes direction of propagation in 
accordance with t he correction angle ¢1 given by Eq .(29) 
at the point ( 0 , z1) and pr opagates continuously without 
cbangi ng its direction to a point Cx2, z2 ), the second 
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correction angle ~2 (which is the result of the wave 
propagating from points (0, z1 ) to Cx2, z2 )) can be 
obtained by following the same approach and approximation. 
For doing this , the electric and magnetic fields at the 
point (0, z1) are first determined with Eqs .(l8 ), (19), 
and (20) by substituting x=O, ~=01, z=z1 and are to be 
used as the initial field for the second segment analysis . 
Fig . 3 
z 
ho 
Gradual transition of the orientation of the 
magnetic field. 
To obtain the fields, let sin¢1= D, 
and cos¢1= C. 
X 
Then we obtain the field e quations at the point (0, zl) 
with the propagation angle ¢ 1 • They become 
14 
( 30 ) 
' 




Eqs .( 30), ( 3l),and ( 32) represent initial values for the 
second propagation segment . These complicated expressions 
can be reduced if we consider the case where z1 is very 
small so that D=sin¢1 is negligible and C=cos¢1 is about 
unity . Then we obtain 
E' y = E0 cos(rcz1 ) 
' 
(33) 
' - h 0 coscrcz1) (34) hx = 
' 
and 
' j ~ h0 cosCrcz1 ) (35) hz = • 
15 
Eqs .(33), (34), and (35) are used as the initial values 
for the second segment propagation analysis in the 
f ollowing approximation. 




= }1...-{R-e-~-EY-)-. -(--h-x_)_*)_}_2 _+-(R_e_(_EY-. _h_z_* )-]-a 




Therefore , we may regard the propagation in the second 
segment as a TEI\1 mode also and the electric and magnetic 
field at the origin of this segment are given by 
in the y-direction, and 
' h 0 = -h0 cos(rczl) 
in the direction perpendicular to t he y-axis and the 
second segment as shown in Fi g . 3 . 
(38) 
(39) 
The second correction angle, ~2 , due to t he wave displ ace-
ment from points (0, z1 ) to Cx2, z2 ) can be determined 
with the s ame sense by rotating the X and Z axes by ~1 
degrees clockwise as shown in Fi g . 4 . 
We know that the rotat ion of axes does not ef fect t he 
propagation const ant and therefore all equations obt a i ned 
from analysis f or the firs t s egment would also apply t o 
the second segment for propagation in the X'-Z ' coordinate 
systems . Hence, the second correction angle, ~2 , is 
z 
Fi g . 4. Schematic representation of the direction of 
Poynting v ector with X'-Z' coordinate systems . 
obtained by substituting Eqs .(38 ) and ( 39) as E0 and h 0 
into Eq .(27) and leads to 
16 
( 40 ) 
• 
This can be reduced to the same form as Eq .(29 ) and is 
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given by 
t an¢2 = ~u s i n (2rzi)C-§- - S) • (41) 
By comparing Eqs.(29) and (41), we observ e that if the 
length of e ach s egment i s very smal l and equal , the 
correct ion angles at the end point of e ach segment will 
also be equal. In t his regard, '''e may conc lude that the 
locus of t he wave propagating i n the ideal ferr i te would 
be an arc of a circle. 
c . Determination of the Radi us 
We have shown f rom Eqs .(29) and (41) , in the case of 
an i de a l ferrite that the correction angles f or propaga-
tion wi l l r emain the s ame order of magnitude as l ong as 
the wave di spl ac ement segments are taken very small and 
equal. An approx i mate me thod t o determine t he ferri te 
disk radius c an therefore be based on this characteristic 
and the geometric relation between the incident and 
output points as illustrated in Fi g . 5 . 
With reference to Fi g . 5, let A and B be the incident 
and output point , respectively , and 
~ = circulation angle 
R = radius of the ferrite disk . 
The position of points A and B are (0 , 0) and (Rsin~ , 
R( l + cos~) , respectively . Suppose a wave propagates 
i n the ferrite along the z axis for a displacement d0 
and c hanges i ts direction with respec t t o the z axis by 
Fig . 5 
z 
Schematic diagram of propagating locus in 
ferrites . 
18 
¢ 1 for a displacement d1, and then changes its direction 
again by ¢ 2 for a displacement d 2 and so forth . The wave 
propagates to the desired output point, B with a circula-
tion angle, ~ and must have the total displacement in 
the x - direction and z-direction in accordance with t he 
following relations: 
dx = RsiniD 
= d osin¢0 + d1sin¢1 + • • • • · • • 
+ dnsin~ (~2) 
and 
dz = R(l + cos~) 
= d0cos~0 + d1cos~1 
+ dncos~ • 
+ ••••••• •• ••• + d 1cosrl 1 n - l"n -
19 
(43) 
I£ the first nth displacement segments are t aken equal in 
magnitude, such that 
do = dl = d2 = . . . . . . . . • = dn-1 = a 
then, 
01 
1 ~ 1 - 0 0n-l ~ e = ~2 = ~ 3 = . . . = n-1 = - = n 
from the conclu~ion obtained in the previous s ection. 
Introducing this into Eqs.(42) and (43 ), we obtain 
Rsin~ = 0 + asin~ + asin2G + • 
+ dnsin~ 
and 
• • + asin((n- 1 )8) 





The l a st term in Eqs. (46) and (47 ) can be eliminated t o 
obtain 
Rsin~ = a{sin~(l + cose + cos2e + • c os ( n-l)e] 
- cos~(sine + sin28 + • • • • • s i n (n-l)e)} . (48 ) 
Fr om Eq .(48 ), we obtain 
a = 
Rsi~sin ~ ~ (49) 
sin nesin(~ - n-1: e) 2 2 
Substitute Eq. (49) into Eq. (28), it becomes 
tane = k cj Up -~ )sinf2r X 2u Er ~up- l 
----~R_s_i_~-~~s_i_n_~--~----} 
sinn~sin( ~ - n2l e) 
20 
(50) 
Eq . (50) is the expression which can be used to determine 
the disk radius by taking e as s mall as practical in 
computation . 
2 . Design of a Strip Line Y-Circulator 
a . Formula for the Radius 
The radius of the ferrite disk in the strip line Y-
circulator can be obtained from Eq.(50) by letting ~ = 60° 
and calculating u, k and up at the specified frequency 
for a g iven d-e bias magnetic field . 
A simplificat ion of Eq . ( 50) c an be obtained by 
letting e = 10 and is prac tical f or obtaining the desira-
ble accuracy f or the r adius as determined by t he computer 
program given in the appendices . The sum of the series 
are given by 
sinl0 + sin2° + •••••.•••• + sin59° = 28 . 21406 , 
and 
1 + coslo + cos2o + • • • • • . . + cos59° = 49 . 86795 . 
We have for Eq .(50), 
0 . 03492 
...Lc}up -~) 
u Er Jup-
= sin 16~79 r ( 51) 
• 
If the left term in Eq .( 51) is small, it reduces to 
R = 0 . 5863 
r.JL,GJL-~ 
u \/~ J---up ) 




Eq . (51) is used to compute the design curves for a 
circulator using a disk of polycrystalline yttrium-iron 
garnet (YIG) . Three commercial ferrites , MCL-300 , G- 1000 
and G-113 are used in this computation . The data for 
different frequencies, nomalized d-e bias field , u , k , 
k/u , UP' r,and radius are indicated in appendices and 
yields the design curves shown in Fi g . 6 , 7 , and 8 along 
with the experimental results obtained by Bosma . In com-
puting the radius , the demagnet±aation factors are taken 
into consideration although they have not been discussed . 
Nevertheless, the approximations obtained so far are 
still applicable since t he demagne t ization factor only 
influences u and k and factors which are funct ion of u and 
k . The corrected u and k wi th the demagnetization factor 
are given by Lax and Button (12) and have t he form 
u = 1 + Wm (Wl + NxWm ) (53) 




wr2 - w2 
' 
(54) 
where wl = r H0 - Ny\vm 
' 
Wr = r H0 + ( Nx - Ny )Wm 
' 
22 
and H,i • Nz • (1 - Ny)/2 • 
23 
50 
•: Bosma ' s experimental 
values. 
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Design curves for G-113 ferrite. 
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III . CONCLUSION 
A. Conclusions and Comparision with Experimental Results 
The theoretical results based on the approximate 
formulation compare favorably with Bosma's experimental 
results, c·onsidering the material used by Bosma might be 
different from that used in this analysis. The width of 
the center conduc ting plane in the strip line circulator 
has not been taken into consideration. An approximation 
with this c onsideration for design purpose based on the 
theoretical analysis of Bosma was given in reference (ll). 
However, in most cases the discrepency between the 
experimental and computed results exists because of the 
demagnetizing approx i mation and measurement errors. The 
re·sults obtained can be extremely useful as an initial 
step in the design of strip line circulators since a 
treatment accounting for such things as strip width , dis-
continuity in impedance, l osses in the ferrite , and the 
non-ellipsoidal shape of the ferrite is not feasible. 
B. Suggestions for Further Work 
A more realistic electric field expression for the 
ferrite associated with boundary conditions at points 
other than incident and output points may be derived to a 
certain extent without involving too much compl ex mathema-
tical calculation. An approximation to obtain the design 
27 
curve may use the same approach for determining the wave 
locus in ferrite by evaluation of the magnetic field 
associated with the more raal.iatic electric field equa-
tion and analyzing the Poynting vector at the points to 
obtain the correction angle etc. The effects of i mpedance 
mismatch due to the ferrite and sudden changes in strip 
width may be considered in an attempt to improve the 
design. 
APPENDIX A 
Computed Data for MCL-300 Ferrite 
Dielectric Constant : 11 . 7 
Saturation Magnetization : 300 gauss 
Demagne tization: Ny = 1 . 00 , Nx = Nz = o.oo 
w Ha k k r u 
-
Up (MHz) Hr u (1/ M) 
500 1 . 69 1 . 6706 0 . 2348 0 . 14-05 1 . 6376 4-5 . 83 
600 1 . 65 1 . 64-22 0 . 24-99 0 . 1522 1 . 604-1 54- . 4-4-
700 1 . 63 1 . 6095 0 . 2553 0 . 1586 1 . 5690 62 . 81 
800 1 . 61 1 . 5771 0 . 2552 0 . 1618 1 . 5358 71 . 03 
900 1 . 59 1 . 5559 0 . 2591 0 . 1665 1 . 5127 79 . 30 
1000 1 . 57 1 . 5328 0 . 2584- 0 . 1686 1 .4-892 87 . 42 
1500 1 . 50 1 . 4-597 0 . 2582 0 . 1769 1 .4-140 127 . 78 
2000 1 . 4-7 1 . 3939 0 . 2364- 0 . 1696 1 . 3538 166 . 71 
2500 1 . 44 1 . 3517 0 . 2218 0 . 164-1 1 . 3153 205 .40 
3000 1 . 4-2 1 . 3136 0 . 2034 0 . 1548 1 . 2321 24-3.35 
Demagnetization: Ny = 0 . 90 , Nx = Nz = 0 . 05 
500 1 . 69 1 . 7051 0 . 2715 0 . 1592 1 . 6619 4-6 . 17 
600 1 . 65 1 . 6729 0 . 284-8 0 . 1703 1 . 624-4- 54- . 79 
700 1 . 63 1 . 6369 0 . 2876 0 . 1757 1 . 5864- 63 . 16 
800 1 . 61 1 . 6017 0 . 2849 0 . 1778 1 . 5511 71 . 37 
1000 1 . 57 1 . 5533 0 . 284-2 0 . 1829 1 . 5013 87 -78 
1500 1 . 50 1.4-739 0 . 2771 0 . 1880 1 .4-218 128 . 13 




39 . 64-3 
30 . 4-01 
24- . 917 
21 . 298 
18 . 348 
16 . 273 
10 . 262 
7 . 982 
6 . 575 
5 . 788 
35 . 069 
27 . 218 
22 . 521 
19.400 
15 . 012 
9 . 662 
7 . 603 
w Ha 








2500 1 . 44 1 . 3596 0 . 2325 0 . 1710 1 . 3199 205 . 76 6 . 313 
3000 1 . 42 1 . 3198 0 . 2118 0 . 1605 1.2858 243 .70 5 . 587 
Demagnetization : Ny = 0 . 80, Nx = Nz = 0 .10 
500 1 . 69 1 . 74 38 0 . 3180 0 .1824 1 . 6858 46 . 50 30 . 680 
600 1 . 65 1 .7072 0 . 3282 0 .1922 1 . 644 1 55 . 11 24 . 150 
700 1 .63 1.6676 0 . 3271 0 .1961 1 . 6034 63 . 50 20 . 204 
800 1 . 61 1.6392 0 . 3206 0 .1967 1.5661 71.72 17 . 560 
1000 1.57 1.5760 0 . 3144 0 .1995 1 . 51 33 88 .13 1 3 . 783 
1500 1 . 50 1 . 4945 0 . 2984 0 . 2004 1 . 4296 128 . 48 9 . 073 
2000 1.47 1 . 4152 0 . 2653 0 .1874 1 . 3655 167 . 43 7 . 228 
2500 1.44 1 . 3681 0 . 2441 0 . 1784 1 . 3245 206 . 12 6 . 052 
3000 1 .42 1 . 3263 0 . 2208 0 . 1664 1 . 2896 244 . 06 5 . 387 
Demagnetizat ion : Ny = 0 . 70 , Nx = Nz = 0 .15 
500 1 . 69 1 . 7874 0 . 3785 0 . 2117 1 . 7073 4 6 . 08 26 . 472 
600 1 . 65 1 . 7562 0 . 3831 0 . 2194 1 . 6621 55 . 41 21 . 193 
700 1 . 63 1 . 7023 0 . 3761 0 . 2209 1 . 6192 63 . 81 17 . 963 
800 1 . 61 1 . 6602 0 . 3641 0 . 2193 1 . 5804 72 . 05 15 . 775 
900 1 . 59 1 . 6314 0 . 3595 0 . 2203 1 . 5522 80 . 33 13 . 915 
1000 1 . 57 1 . 6016 0 . 3502 0 . 2187 1 . 5250 88 . 47 12 . 585 
1500 1 . 50 1 . 5065 0 . 3226 0 . 2141 1 . 4374 128 . 83 8 . 4 95 
2000 1 . 47 1 . 4 273 0 . 2821 0 . 1976 1 . 3715 167 . 79 6 . 860 
2500 1 . 44 1 . 3771 0 . 2567 0 . 1864 1 . 3293 206 . 49 5 -795 
3000 1 . 42 1 . 3333 0 . 2305 0 . 1728 1 . 2935 244 . 43 5 . 190 
APPE DI X B 
Computed Data f or G-1000 Ferrite 
Dielectric Constant: 15 . 0 
Saturation Magnetization: 1000 gauss 
Demagnetization: Ny = 1 . 00, Nx = Nz = 0 . 00 
w Ha k k r (MHz) Hr u - Up (1/M) u 
500 1 . 69 2 .0390 0.1865 0 .0915 2 . 0219 57 .67 
600 1 . 65 2 . 0387 0 .2207 0 .1083 2 . 0148 69 . 08 
700 1.63 2 .0222 0 . 2461 0 . 1217 1.9922 80 . 14 
800 1 . 61 1. 998 8 0 . 2650 0 .1326 1 . 9637 90 . 93 
900 1.59 1 . 9895 0 . 2880 0 . 1448 1.9478 101.88 
1000 1 . 57 1.9725 0.3046 0.15'-1-4 1.9255 112 . 55 
1500 1.50 1.9230 0 . 3793 0.1972 1.84-81 165 . 41 
2000 1.47 1 . 8455 0 . 3976 0.2154 1.7598 21 5 . 21 
2500 1.44 1.7936 0 . 4113 0 . 2293 1.6993 264 . 35 
3000 1 .42 1 -7361 0 . 4049 0 . 2332 1 . 6417 311.78 
Demagnetization: Ny = 0 . 90 , Nx = Nz = 0 . 05 
500 1 . 69 2 . 1041 0 . 2 345 0 .1114 2 . 0780 58 . 46 
600 1 . 65 2 . 099 3 0 . 2738 0 .1304 2 . 06 35 69 . 91 
700 1 . 63 2 .0791 0 . 3018 0 .1451 2 . 0352 81.00 
800 1.61 2 .0527 0 . 3218 0 .1567 2 . 0022 91 . 82 
1000 1.57 2 . 0215 0 . 36 35 0 .1798 1 . 9561 113 . 4L~ 
1500 1.50 1.9641 0 . 4382 0 . 2231 1.8663 166 . 22 
2000 1.47 1 . 8809 0 .4382 0 . 2231 1 . 8663 21 6 .03 
30 
R 
( mm ) 
47 . 342 
33.274 
25.317 
20 . 280 
16.480 
1 3 . 878 
7-197 
4 . 907 
3 -672 
2 . 996 
38 -978 
27 . 699 
21.279 
17 .192 
11 . 943 
6 . 370 
4 . 4 24 
~1 Ha 








2500 1.~ 1 . 8247 0 . 4582 0 . 2511 1 . 7096 265 .15 3 - 355 
3000 1.42 1.7634 0.4459 0 . 2528 1.6507 312 . 65 2 . 764 
Demagnetization: Ny = 0 . 80 , Nx = Nz = 0 .10 
500 1 . 69 2 .1697 0 . 3041 0 .1401 2 . 1271 59 . 15 31.082 
600 1.65 2 .1606 0 . 3492 0 .161 6 2 .1041 70 . 59 22 . 408 
700 1.63 2 .1375 0 . 3795 0 .1775 2 .0701 81 . 69 17 . 433 
800 1.61 2 .1088 0 .3998 0 .1896 2 .0330 92 . 52 14 . 242 
1000 1.57 2 .0736 0 .4L!-22 0 . 2132 1 . 9793 114.12 10 . 085 
1500 1. 50 2 . 0094 0 . 5132 0 . 2554 1 . 8783 166 . 75 5 . 569 
2000 1.47 1 . 9204 0 . 5144 0 . 2678 1 . 7826 216 . 60 3 . 953 
2500 1.44 1 . 8595 0 . 5146 0 . 2767 1 . 7171 265 . 73 3 . 046 
3000 1.42 1.7939 0 . 4942 0 . 2755 1 . 6577 313 . 31 2 . 538 
Demagnetization: Ny = 0 . 70, Nx = Nz = 0 .15 
500 1 . 69 2 . 2265 0 . 4 109 0 .1845 2 . 1507 59 . 4 7 23 . 629 
600 1 . 65 2 . 2154 0 . 4 619 0 . 2084 2 .1194 70 . 85 17. 386 
700 1.63 2 .1927 0 . 4931 0 . 2249 2 . 0818 81 . 92 1 3 -770 
800 1 . 61 2 .1642 0 . 5117 0 . 2364 2 . 0432 92 .75 11.426 
900 1 . 59 2 .1494 0 . 5373 0 . 2499 2 . 0151 103 . 63 9 . 585 
1000 1 . 57 2 .1278 0 . 551 3 0 . 2591 1 . 9850 114 . 28 8 . 302 
1500 1.50 2 . 0596 0 . 6113 0. 2968 1 . 8782 166 .75 4 . 792 
2000 1 .47 1.9651 0 . 5955 0 . 30 30 1 . 7846 216 . 72 3 . 494 
2500', 1.44 1.8990 0 . 5835 0 . 3073 1 . 7197 265 . 93 2 . 743 
3000 1.42 1 . 8283 0 . 5521 0 . 3019 1.6616 31 3 . 68 2 . 316 
APPENDI X C 
Computed Data f or G- 113 Ferrite 
Di electric Constant : 16 . 0 
Saturation Magnetization : 1780 gauss 
Demagnetization : Ny = 1 . 00, Nx = Nz = o.oo 
w Ha k k r u Up (MHZ) Hr u (1/M} 
500 1 . 69 2 . 1759 0 . 1 368 0 . 0628 2 . 1673 61 . 66 
600 1 . 65 2 . 1962 0 . 1~88 0 . 0768 2 . 1832 74 . 27 
700 1 . 63 2 . 1949 0 . 1951 0 . 0889 2 . 1775 86 . 53 
800 1 . 61 2 . 18 31 0 . 2171 0 . 0994 2 . 161 5 98 . 53 
900 1 . 59 2 . 1862 0 . 24 35 0 . 1113 2 . 1594 110 . 79 
1000 1 . 59 2 .1788 0 . 2647 0 . 121 5 2 . 1467 122 . 74 
1500 1 . 50 2 . 1678 0 . 3694 0 . 1704 2 . 104 9 182 . 31 
2000 1 . 47 2 . 1028 0 . 4179 0 . 1987 2 . 0197 238 . 12 
2500 1 . 44 2 . 060 3 0 . 4 58 5 0 . 2225 1 . 9583 293 . 08 
3000 1 . 42 2 . 0034 0 . 4720 0 . 2356 1 . 8922 345 . 72 
Demagnetization : Ny = 0 . 90, Nx = Nz = 0 . 0 5 
500 1 . 69 2 . 2538 0 . 1776 0 . 0788 2 . 2398 62 . 69 
600 1 . 65 2 . 2692 0 . 2167 0 . 0955 2 . 2485 75 . 37 
700 1 . 63 2 . 2640 0 . 2482 0 . 1096 2 . 2368 87 . 70 
800 1 . 61 2 . 2490 0 . 2737 0 . 1217 2 . 2157 99 . 76 
1 000 1 . 57 2 . 2394 0 . 3285 0 . 1467 2 . 1911 124 . 00 
1 500 1 . 50 2 . 2197 0 . 4441 0 . 2001 2 . 1 308 183 .4 3 




64 . 952 
44 . 191 
32 . 677 
25 . 512 
20 . 231 
16 . 664 
7 . 888 
5 . 0 39 
3 . 584 
2 . 808 
51 . 942 
35 . 657 
26 . 578 
20 . 902 
1 3 . 835 
6 . 728 
4 . 384 
W Ha 
(MHz ) Hr. 







2500 1 . 44 2 . 1041 0 . 5303 0 . 2520 1 . 9704 29 3 . 99 3 . 166 
3000 1 . 42 2 . 0442 0 . 5389 0 . 2636 1 . 9021 346 . 62 2 . 510 
De magnetization : Ny = 0 . 80 , Nx = Nz = 0 . 10 
500 1 . 69 2 .• 3258 0 . 2399 0 . 1031 2 . 3010 6 3 . 54 39 . 758 
600 1 . 65 2 . 3356 0 . 2887 0 . 1236 2 . 2999 76 . 23 27 . 607 
700 1 . 63 2 . 3271 0 . 3266 0 . 1403 2 . 2812 88 . 57 20 . 801 
800 1 . 61 2 . 3100 0 . 3563 0 . 1 542 2 . 2551 100 . 64- 16 . 524 
1000 1 . 57 2 . 2962 0 . 4193 0 . 1826 2 . 2197 124 . 81 11 . 1 33 
1 500 1 . 50 2 . 271 3 0 . 5454 0 . 2401 2 . 1403 183 . 84 5 . 608 
2000 1 . 47 2 . 1999 0 . 588 5 0 . 2675 2 . 0424 239 . 4 5 3 . 748 
2500 1 . 44 2 .1517 0 . 6222 0 . 2891 1 . 9718 294 . 10 2 . 760 
3000 1 . 42 2 . 0892 0 . 6227 0 . 2980 1 . 9036 346 . 76 2 . 220 
Dema gnetization: Ny = 0 . 70 , Nx = Nz = 0 . 15 
500 1 . 69 2 . 3669 0 . 3423 0 . 1446 2 . 3174 63 .76 28 . 336 
600 1 . 65 2 . 37 31 0 . 4 044 0 . 1704 2 . 3043 76 . 30 20 . 010 
700 1 . 63 2 . 3653 0 . 4501 0 . 1903 2 . 2796 88 . 54 15 . 327 
800 1 . 61 2 . 3506 0 . 4841 0 . 2059 2 . 2508 100 . 55 12 . 363 
900 1 . 59 2 . 3487 0 . 5256 0 . 2238 2 . 2310 112 . 62 10 . 098 
1000 1 . 58 2 . 3387 0 . 5553 0 . 2374 2 . 2069 124 . 45 8 . 550 
1500 1.50 2 . 3187 0 . 6884 0 . 2969 2 . 1143 182 . 72 4 . 526 
2000 1 . 47 2 . 2514 0 .7198 0 . 3197 2 . 021 3 238 . 21 3 . 1 31 
2500 1 . 44 2 . 2038 0 . 7429 0 . 3371 1 . 9532 292 . 71 2 . 364 
3000 1 . 42 2 . 1 396 0 . 7303 0 . 34-13 1 . 8903 34-5 . 55 1 . 937 
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